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Unconventional superconductivity in many materials is believed to be mediated by magnetic fluc-
tuations. It is an open question how magnetic order can emerge from a superconducting condensate
and how it competes with the magnetic spin resonance in unconventional superconductors. Here
we study a model d-wave superconductor that develops spin-density wave order, and find that the
spin resonance is unaffected by the onset of static magnetic order. This result suggests a scenario,
in which the resonance in Nd0.05Ce0.95CoIn5 is a longitudinal mode with fluctuating moments along
the ordered magnetic moments.
Unconventional superconductors feature supercon-
ducting gap functions whose symmetry is lower than the
s-wave gap of conventional superconductors [1]. In ad-
dition to the Gauge symmetry, an unconventional su-
perconductor breaks the point and/or the time rever-
sal symmetry of the normal state. As a consequence,
the orbital part of the superconducting wave-function is
described by higher-order spherical harmonics featuring
nodal lines or points in reciprocal space where low-energy
quasi-particles are present.
Although the microscopic mechanism for unconven-
tional superconductivity is still unclear, there is increas-
ing evidence that it arises from Cooper pairs mediated
by magnetic fluctuations [2]. The intertwined nature of
electronic and magnetic degrees of freedom can lead to
novel quantum phases, in which magnetic order and su-
perconductivity coexist [3–6]. The nodal areas probably
play an important role in such phenomena. The inves-
tigation of such ground states can be an important tool
to understand the fundamental interactions that lead to
non-phonon-driven superconductivity.
In a number of unconventional superconductors a
collective spin-1 excitation is observed below the crit-
ical temperature, Tc, that appears to be related to
magnetically-driven superconductivity. This so-called
spin resonance is visible in the dynamical magnetic re-
sponse probed by inelastic neutron scattering below Tc
and has been observed in a variety of unconventional d-
and f -electron systems, such as cuprates, heavy-fermion
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and iron-based superconductors [7–9]. A widespread in-
terpretation of the spin resonance derives from the ex-
citon model, where it arises as a feedback effect of su-
perconductivity when the electronic structure acquires
a gap. The resonance corresponds to a spin exciton of
the superconducting Cooper pairs similar to an electron-
hole exciton in an insulator [10, 11]. Alternatively, the
resonance has also been associated with a magnon-like
excitation of the hybridized f -electrons, which is heavily
damped above Tc. The condensation of the hybridized
bands, however, opens a superconducting gap that sup-
presses the Landau overdamping of the magnetic exci-
tation [12–14]. Regardless of this ongoing debate, the
energy of the resonance scales in a universal linear re-
lation with the orbital part of the superconducting gap,
providing evidence for a deep connection between anti-
ferromagnetic fluctuations and unconventional supercon-
ductivity [15].
In this letter we aim to experimentally answer the open
question of what happens to antiferromagnetic fluctua-
tions when static magnetic order develops inside the su-
perconducting condensate. The opening of a spin-density
wave (SDW) gap should break the rotational spin sym-
metry and stabilize a magnetic ground state with a mod-
ified excitation spectrum. The change of the spin reso-
nance, as magnetic order arises, may help to understand
the microscopic origin of unconventional superconductiv-
ity.
The series Nd1−xCexCoIn5 features a coexistence be-
tween itinerant magnetism and superconductivity for x
> 80% and is thus a good model system to study the
interplay between magnetic order and superconductivity
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2[16]. The undoped compound, CeCoIn5, is an uncon-
ventional superconductor below Tc = 2.3 K with a well-
established dx2−y2-gap symmetry [17–19]. Within this
superconducting condensate, a spin resonance emerges
near the wave-vector ~QSR = (0.5, 0.5, 0.5) and has an
energy of ∆E = 0.6 meV (3kBTc) [9]. Polarized neu-
tron scattering results suggest that the resonance features
Ising like moment fluctuations oriented perpendicular to
the tetragonal plane [20].
Substitution of localized Nd+3 atoms for Ce in
CeCoIn5 strengthens the local moment magnetism, and
triggers magnetic order within a heavy-fermion ground
state [16]. At the same time, a small Nd concentration
in Nd1−xCexCoIn5 also acts as source of random disor-
der that weakens the superconducting pairing strength
while most probably preserving the dx2−y2 -gap symme-
try [16, 21, 22]. In Nd0.05Ce0.95CoIn5 static magnetic
order is found below TN = 0.8 K within its supercon-
ducting phase below Tc = 1.8 K [16, 21]. This magnetic
structure is an amplitude modulated SDW described by
~QIC = (q, q, 0.5) with q = 0.448 and ordered magnetic
moment µ ≈ 0.11µB along the c-axis.
Here we study the low-energy excitation spectrum of
Nd0.05Ce0.95CoIn5 and observe a spin resonance. The
spin resonance is only observed for temperatures below
Tc, and has an energy ∆E = 0.43(2) meV. It is thus
similar to the spin resonance in undoped CeCoIn5 and
shares many of its properties with the spin resonance
of other unconventional superconductors. We study its
temperature dependence while magnetic order emerges.
Preliminary inelastic neutron scattering data were col-
lected on the cold triple-axis spectrometer PANDA at
the Heinz Maier-Leibnitz Zentrum in Munich, Germany.
The sample consisted of about 50 co-aligned single crys-
tals. It was observed that the variation of the Nd con-
centration that is obtained in a multi-assembly of single
crystals results in a distribution of magnetic order with
identical TN . Thus, all the data shown in this work were
carried out in a subsequent experiment with one well-
characterized crystal. We used the same single crystal
as in Ref. [21, 22] with m = 64 mg that was oriented
within the scattering plane spanned by (1, 1, 0) und (0,
0, 1) in reciprocal lattice units (r.l.u.). The high flux of
the cold triple axis spectrometer ThALES at the Institut
Laue-Langevin in Grenoble, France provides a unique op-
portunity to carry out such an inelastic neutron scatter-
ing experiment. The initial neutron beam was diffracted
from a silicium monochromator, Si (111), and higher or-
der contamination were suppressed by a velocity selec-
tor. The spectrometer was used in a W configuration
and with a horizontal and vertical focussing option. The
outgoing beam was diffracted on a double focussing py-
rolitic graphite analyzer with a fixed kf = 1.45 A˚
−1 and
collimated in front of the detector by means of a radial
collimator.
The low-energy neutron excitation spectrum of
Nd0.05Ce0.95CoIn5 is displayed in Fig. 1. The spectrum
FIG. 1. (Color online) Neutron excitation spectrum measured
at the reciprocal wave-vector ~QSR = (0.5, 0.5, 0.5) and T
= 0.44, 1.2 and 2.5 K. The background denotes the average
intensity from the reciprocal lattice positions (0.41, 0.41, 0.83)
and (0.54, 0.54, 0.08) measured at T = 0.44 K.
was measured at ~QSR for temperatures T = 0.44, 1.2 and
2.5 K. The background was estimated at T = 0.44 K and
at reciprocal wave-vectors sufficiently far from ~QSR, as
the scattering in the normal phase may feature param-
agnetic scattering. The background shown here was ob-
tained from the average intensity measured at the recip-
rocal lattice positions (0.41, 0.41, 0.83) and (0.54, 0.54,
0.08). The spectrum reveals a well-defined excitation at
energy transfer ∆E = 0.43(2) meV, which is suppressed
at T = 2.5 K > Tc.
Fig. 2 shows rocking ω-scans at constant energy trans-
fer ∆E = 0.4 meV for temperatures T = 0.44, 1.2 and
2.5 K. Here, ω denotes the relative rotation angle around
the vertical axis that is perpendicular to the scattering
plane. A scan centered around ~QSR traces the path in
reciprocal space shown in the inset of Fig. 2. The data
reveal a well-defined excitation at ω = 42(1)◦ that van-
ishes above Tc. Within the resolution of our experiment
it was not possible to determine whether the excitation is
attributed to ~QSR or to the incommensurate wave-vector
~QIC .
The temperature dependence of the scattering at
∆E/kBTc = 0.4 meV and ~QSR is displayed in Fig. 3,
compared to the intensity of the magnetic Bragg peak at
~QIC (taken from Ref. [21]). With increasing temperature
the excitation decreases in strength and is continuously
suppressed around Tc = 1.8 K. The dashed line repre-
sents the background that was obtained self-consistently
from this temperature scan and the ω-scan at T = 2.5 K
shown in Fig. 2. The solid line in Fig. 3 describes the
temperature dependence of the gap in the BCS (Bardeen-
Cooper-Schrieffer) theory, which features a similar tem-
perature dependence. The emergence of the excitation
3at Tc provides strong evidence that it is a spin resonance
related to superconductivity. Within the resolution of
our experiment, it appears at the same wave-vector as
the one of CeCoIn5 [9, 20].
FIG. 2. (Color online) Rocking ω-scans measured at ∆E =
0.4 meV for T = 0.44, 1.2 and 2.5 K. The inset displays the
corresponding cut in (QH , QH , QL).
The ratio of the gap at the lowest temperatures to the
transition temperature is ∆E/kBTc = 2.8(1), and thus
similar to that in CeCoIn5 as well as that in La and Yb-
substituted CeCoIn5 [14, 23]. This demonstrates that the
excitation is related to superconductivity but not to the
SDW. Moreover, the low energy excitation spectrum of
5% Nd doped CeCoIn5 reveals a spectral weight that is
consistent with the one of the pure compound and where
a fluctuating moment of < µ2eff > ≈ 0.38µ2B is found
[9, 20]. Here, the intensity of the resonance was com-
pared with the weak structural Bragg peak (1,1,0) and
cross-checked with similar data on CeCoIn5. The spin
resonance in Nd substituted CeCoIn5 is not affected by
the static incommensurate antiferromagnetic order at TN
= 0.8 K (see Fig. 3). In addition it shows that the tem-
perature dependence of the resonance energy and its in-
tensity reveal no change at the transition below TN . The
magnetically ordered phase features a long-range ordered
moment µ = 0.11(5)µB with a lower bound of the mag-
netic correlation lengths, ξa > 150 A˚ and ξc > 230 A˚, that
is at least one order of magnitude larger than the mean
distance, d ≈ 17 A˚, between the Nd impurities [21, 22].
This excludes a scenario in which static magnetic order
and superconductivity are phase separated.
When magnetic order arises in a system of magnetic
degrees of freedom interacting through isotropic Heisen-
berg exchange, it breaks the rotational symmetry and
leads to a modification of the magnetic excitation spec-
trum. The hallmark excitation of the breaking of the
FIG. 3. (Color online) Temperature dependence of the exci-
tation measured at ∆E = 0.4 meV and ~QSR = (0.5, 0.5, 0.5)
over plotted with ∆E = 0 meV and ~QIC = (0.55, 0.55, 0.5)
(taken from Ref. [21]). The solid line represents a BCS-fit as
guide line to the eye. The dashed line shows the background
that was obtained self-consistently from this temperature scan
and the ω-scan at T = 2.5 K shown in Fig. 2. Black arrows in-
dicate the superconducting and antiferromagnetic transition
temperature.
continuous spin symmetry is the Goldstone mode that
emerges with polarization transverse to the magnetic mo-
ment direction. Nd0.05Ce0.95CoIn5 features a SDW with
an amplitude modulated structure and moment orien-
tation perpendicular to the tetragonal basal plane [22].
Since the spin resonance remains unchanged at the an-
tiferromagnetic phase boundary it suggests that the ob-
served excitation has no sizable transverse components
and is polarized mainly along the direction of the SDW
order. This interpretation is supported by recent inelas-
tic neutron scattering studies of CeCoIn5, where the spin
resonance was argued to be of Ising nature with fluctua-
tions along the tetragonal axis [20].
Theoretically the magnetic excitations of unconven-
tional superconductors with antiferromagnetic order has
been investigated in the context of heavy-fermion com-
pounds, iron based superconductors and cuprates [24–
27]. Particularly interesting is the case TN < Tc that
is treated in Ref. [26]. Here it was shown that while
magnetic order does not affect the longitudinal compo-
nent of the superconducting spin resonance, the trans-
verse components soften into spin-waves. This model
describes three electronic bands using a random phase
approximation and is constructed for iron-based super-
conductors, so it may not be directly applicable to our
case for which no similar model has been developed.
However we can expect that the general phenomenol-
ogy at the antiferromagnetic wave-vector, where a sign
change of the superconducting gap occurs, remains valid
for Nd0.05Ce0.95CoIn5 although the Fermi topology is dif-
ferent. This theory is consistent with our suggestion
4that the antiferromagnetic fluctuations associated with
the resonance are polarized along the direction of the or-
dered magnetic SDW moments.
The reverse case, where unconventional superconduc-
tivity emerges within an ordered magnetic phase (TN >
Tc), has been experimentally investigated, for instance,
in the iron pnictide Ba(Fe0.953Co0.047)2As2 [28, 29]. Here
an emergent spin resonance is observed below Tc that
reduces the ordered magnetic moment along the or-
thorhombic a-axis. Details of the spin dynamics were
measured by polarized inelastic neutron scattering for a
similar underdoped concentration [30]. In the antiferro-
magnetic phases three distinct modes are observed and
are reminiscent of the spin dynamics of the antiferro-
magnetic parent compound BaFe2As2. Below Tc the res-
onances manifest an additional low energy signal in the
two transverse channels while the longitudinal mode is
also here unaffected by superconductivity. The antithetic
behavior of the spectral weight transfer from the mag-
netic Bragg peak to the transverse component of the spin
resonance was interpreted as a signature of the compe-
tition between superconductivity and antiferromagnetic
order in Co-underdoped BaFe2As2 [28–30].
This is in complete contrast to Nd-doped CeCoIn5
where no effect of static magnetic order on the spin res-
onance is observed below TN < Tc, and no novel trans-
verse component (Goldstone mode) of the spin resonance
in CeCoIn5 has been found yet. The latter may simply
be due to the difficulty to observe these excitations, or it
may arise from a difference in the relationship between
static magnetic order and the spin resonance in these two
classes of materials.
All these experiments underline the robustness of lon-
gitudinal magnetic fluctuations in the interplay of mag-
netic fluctuations associated with superconductivity and
SDW order; either for antiferromagnetic fluctuations
within the superconducting condensate (as in BaFe2As2)
or for the longitudinal mode of the superconducting spin
resonance inside the magnetically ordered phase (as sug-
gested in the case of CeCoIn5). It is tempting to point
out the analogy between the gapped magnetic excita-
tion spectrum of an unconventional superconductor and
a gapped spin liquid, such as the Haldane chain, where
novel quantum excitations survive even when three di-
mensional antiferromagnetic order develops in the pres-
ence of quantum coherence. The difference in the Hal-
dane chain is, however, that excitations are polarized in
all three spin directions, two of which develop into Gold-
stone modes when magnetic order develops [31].
At high fields close to Hc2 , CeCoIn5 and Nd-doped
CeCoIn5 feature another SDW-order [22, 32]. At such
fields, the spin resonance is expected to condense into
the ground state [33–36], leading to a novel phase with
a unique interplay between superconductivity and mag-
netic order. In fact, our experiments suggest that while at
low fields the static and dynamic spin fluctuations remain
completely uncoupled, the condensation of the longitudi-
nal correlations towards Hc2 may lead to a fundamentally
novel phase [22].
In summary, we report the discovery of a spin reso-
nance in Nd0.05Ce0.95CoIn5 below Tc = 1.8 K near ~QSR =
(0.5, 0.5, 0.5) and at ∆E = 0.43(2) meV. The resonance
gap is slightly smaller than the one observed in CeCoIn5
but has a similar ∆E/Tc ratio. Within the resolution
of our experiment, it appears at the same wave-vector.
The key result of our study is that the spin resonance is
not affected by the onset of static magnetic order. The
comparison with CeCoIn5 and theoretical models for the
iron pnictides suggest a longitudinal resonant mode in
Nd0.05Ce0.95CoIn5 with fluctuating moments in the di-
rection of the ordered magnetic moments of the SDW.
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